Introduction {#s1}
============

The average age of the world's population is increasing. This rate of change is expected to accelerate in the coming decades (Lutz et al., [@B58]). As the number of old people throughout the world increases, senescence-related issues become increasingly important. Injury, a physical symptom degrading one's health and quality of life, has attracted considerable attention from researchers of a variety of disciplines. A majority of studies focus on injury's impacts on physical or physiological variables, while there is relatively scant inquiry into the neuropsychological profiles of individuals who are likely to incur a particular type of injury.

Falling is a common cause of serious injuries in community-dwelling older adults (Muir et al., [@B69]). In the US, the age-standardized number of years of life lost because of falls is increasing (Murray et al., [@B70]), making it an important topic of study in gerontology and geriatrics. Over the past few decades, a number of risk factors of falling have been identified (e.g., mobility, mental status, vision, hearing, blood pressure, hip weakness, medications, and balance control; Tinetti et al., [@B105]; Robbins et al., [@B83]; Shumway-Cook et al., [@B95]; Vellas et al., [@B107]). In addition, sarcopenia, frailty, loss of bone density, and muscle strength are well-documented and significant indicators of falls (Mühlberg and Sieber, [@B68]). Prospective study also finds previous fall experience as a significant predictor of future falls (Nevitt et al., [@B73]). In this review, evidences about the neuropsychological factors of falling in older adults are summarized and discussed, in the hope of discovering the neuropsychological characteristics of those who are most likely to fall. With this knowledge, we will have a clearer perspective for devising plans to protect those at high risk, to help improve the quality of life of the elderly, and to reduce burdens to the healthcare system.

It is estimated that 30--40% of older adults experience at least 1 fall a year. This amounts to direct costs of 0.1% and 1.5%, respectively, of the total healthcare expenditures of the United States and European countries (Ambrose et al., [@B4]). Most falls occur during sports or exercise, which is followed by falls while walking. It is reported that older adults are 90% more likely than their younger counterparts to fall during walking (Mertz et al., [@B64]).

Gait and cognition are interrelated in older adults (Montero-Odasso et al., [@B66]). Specifically, declines in attention, psychomotor processing, problem-solving and spatial awareness may have significant impacts on balance control and falls (Alexander and Hausdorff, [@B1]). For example, exposure to simultaneously high physical and cognitive demands is deleterious to balance control (Qu, [@B78]). Retrospective results show that people with sensory or cognitive deficits were twice as likely to fall in the past (Gauchard et al., [@B30]). These studies suggest that physical and neuropsychological deteriorations increase the incidence of falls in older adults (Martin et al., [@B61]). The use of neuropsychological characteristics of older adults as a tool to predict the subsequent occurrence of falls bears practical importance; its reliability is, however, not well understood.

Besides neurocognitive factors, depression also has a pronounced role in predicting falling. According to the World Health Organization ([@B111]), "depression is a common mental disorder, characterized by sadness, loss of interest or pleasure, feelings of guilt or low self-worth, disturbed sleep or appetite, feelings of tiredness and poor concentration". Depression correlates with the incidence of falls (Delbaere et al., [@B24]; Sai et al., [@B92]). People with the most serious depressive symptoms demonstrate the highest rate of incident fall in the follow-up assessment (Eggermont et al., [@B26]). Prospectively, depression is related to a higher chance of recurrent falls, with an odds ratio ranging from 1.32 to 2.2 (Stalenhoef et al., [@B100]; Kron et al., [@B50]; Kerse et al., [@B48]; Ku et al., [@B51]). It is also associated with 40% and 185% increases in distal arm fracture and hip fracture risks, respectively, which are common injuries associated with falling (Kelsey et al., [@B46]; Hwang et al., [@B43]). Research shows that the connection between depression and falling is strong. Falling and depression may share a common set of risk factors (poor self-rated health, poor cognitive status, impaired functional competence, two or more visits to clinics in the past month, and a slow walking speed) (Biderman et al., [@B12]). However, the underlying reasons or mechanisms behind their interrelationship are still an open question.

Therefore, the main focus of this article is the neurocognitive factors of falling. We firstly examine and describe brain aging and neuropsychological decline as related to a heightened fall risk. This is followed by discussions of various neuropsychological factors, specifically global cognition, attention, executive functions, processing speed, to see how they are related to the risk of falling in older adults. A framework representing the effects of brain aging on the increased risk of falling is outlined. Finally, future research directions are presented before the summary.

Brain aging and neuropsychological declines {#s2}
===========================================

Human brains undergo dramatic structural and functional changes in the course of development. While approaching old age, the cerebral volume decreases by 0.23% a year (Coffey et al., [@B18]). In particular, shrinkages of the frontal and pre-frontal lobes are the most significant (Coffey et al., [@B18]; Raz and Rodrigue, [@B80]; Greenwood, [@B34]). Consequently, when a person reaches old age, there is a greater chance that the cognitive functions supported by the frontal regions deteriorate (e.g., attention, inhibitory control). In aging, one becomes vulnerable to cognitive disorders, such as mild cognitive impairments (MCI), a transitional stage between normal aging and Alzheimer's disease (AD). During this stage, a person experiences memory loss to an extent greater than what is expected for a given age (Smith et al., [@B97]; Petersen et al., [@B77]). It is estimated that 3% of the population have MCI (DeCarli, [@B22]). Although it does not take up a large proportion in the population, it deserves our attention given that MCI patients will probably soon have AD (Morris et al., [@B67]). Structural brain differences have been observed between people with MCI and those without. In cross-sectional studies, people with MCI show lower white matter integrity in the posterior regions and gray matter reductions in the medial temporal lobe, the insula, and the thalamus, compared to healthy controls (Karas et al., [@B45]; Medina et al., [@B63]). MCI is not only associated with cognitive dysfunctions, but also increased risks of falling (Liu-Ambrose et al., [@B55]). However, it is still an open question whether the progression to cognitive disorders leads to a heightened risk of falling.

Even in healthy older adults, there is significant loss in gray and white matter, especially in the frontal and parietal lobes (Resnick et al., [@B82]). Loss of white matter integrity contributes to poor performance in a wide range of cognitive domains in both global and specific abilities (Longstreth et al., [@B57]; Gunning-Dixon et al., [@B35]). Degradation of white matter integrity in anterior areas is associated with reduced processing speed and working memory, while inhibitory control and task-switching are debilitated with declines in posterior areas (Kennedy and Raz, [@B47]). Reduced integrity in the fronto-parietal white matter contributes to increases in task-switching costs (Gold et al., [@B33]). Moreover, reduced frontal gray matter is associated with attention and executive function deficits (Zimmerman et al., [@B116]). In terms of functional changes, older adults tend to have task-specific areas over-activated, relative to young adults, for similar performance, especially in tasks requiring executive functions (Berlingeri et al., [@B11]; Spreng et al., [@B99]).

Due to a shift from unconscious to increasingly conscious information-processing in older adults, reliance on frontal functions becomes greater, reflected by an increase in their pre-frontal processing (Leshikar et al., [@B52]). Cognitive aging comes with brain changes during the aging process. This can negatively affect motor performance and learning in older adults (Ren et al., [@B81]). As a person ages, motor automaticity is reduced; once seemingly easy and automatic tasks, such as walking, become more difficult or require greater conscious control (Fasano et al., [@B27]). It is thought that increased injury risk in older adults can be partly explained by brain and cognitive aging, in addition to frailty (Rosso et al., [@B91]; Figure [1](#F1){ref-type="fig"}). Recent evidence shows that greater white matter hyperintensity can predict falls over the following 12 months. This lends support to the existence of neural correlates of falls in older adults (Zheng et al., [@B115]). Identification of these neural correlates is beneficial to screen out those who are at a higher risk of falling in their older adulthood.
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In addition to cognition, brain aging is related to affective disorders (e.g., depression). In depressed patients, gray and white matter integrity is reduced in the frontal areas (Hayakawa et al., [@B37]). White matter pathology is observed in the pre-frontal region in depressed patients (Tham et al., [@B104]). The disruption of frontal functions is prevalent in older adults because the frontal regions are more vulnerable in aging. Late-life depression is related to a reduction of white matter integrity in frontal-subcortical and limbic networks, which are important brain areas for emotional functions (Sexton et al., [@B93]). Hence, the accelerated reduction in frontal areas and related networks may contribute to the development of depression in older adults. This, in turn, leads to a heightened risk of falling.

Taken overall, deteriorations in the frontal regions and declines in frontal functions can greatly contribute to the increased risk of falling in older adults, who have a greater reliance on conscious motor control due to brain aging. Brain aging is strongly associated with (or is even a predictor of) an increased incidence of falling.

Neuropsychological factors in falls {#s3}
===================================

Global cognition {#s3-1}
----------------

Loss of global cognitive ability is cognitive impairment. Falls of all types are more likely to occur in older adults with cognitive impairments, as has been observed in a cross-sectional study (Hong et al., [@B41]). The Mini Mental State Examination (MMSE; Folstein et al., [@B29]) is one of the most common assessment tools for global cognition. In a prospective study, the rate of falls increases with each unit decrease in the MMSE score, and such an increase in fall incidence is evident down to an MMSE score of 22 out of 30 (Gleason et al., [@B32]). Another prospective study showed that older adults with poorer global cognition and executive functions are associated with a greater decline in gait speed over the following 3 years, which is modulated by depression (Atkinson et al., [@B5]). Furthermore, older adults with MMSE scores greater than 19 in baseline assessment experience fewer falls after multifactorial interventions designed to reduce their incidence, but such a benefit is not observed in those with low MMSE scores (Jensen et al., [@B44]). Thus, global cognition is associated with the risk of future falling, and it is indicative of an individual's responsiveness to fall-reduction interventions.

Prospective results demonstrate that cognitive status can predict falls and related injuries. Cognitive status predicts the occurrence of fractures within the 2 year study period (Wilson et al., [@B110]). Compared with those with fractures from falling, the cognitive functions are 3.5% lower for those with any kind of fracture and 5.5% for those with a hip fracture specifically (Nordström et al., [@B75]). Cognitive impairment is a significant predictor of future fractures, especially in individuals with a low body mass index, which is probably due to frailty (Alfaro-Acha et al., [@B2]). Compared with those cognitively intact older adults, cognitively impaired older adults have a 120% greater chance of incurring fracture during a 6- to 10-year period following cognitive status assessment (Colón-Emeric et al., [@B20]). These same older adults also have an elevated risk of hip fractures ranging from 25% to 40% (Colón-Emeric et al., [@B19]; Taylor et al., [@B103]; Stolee et al., [@B101]).

Attention {#s3-2}
---------

Attention is the ability to allocate cognitive resources to process the information in one's focus, while suppressing interference and distraction. Attention span is reduced with advancing age, such that older adults can only attend to a smaller amount of information, when compared with younger people, as has been observed in cross-sectional studies (Basak and Verhaeghen, [@B8]; Störmer et al., [@B102]).

An increasing body of evidence suggests that the reduction of capacity of concentration contributes to gait and mobility disturbances (Carlson et al., [@B15]; Yogev-Seligmann et al., [@B114]; Amboni et al., [@B3]). The ability to concentrate is a significant predictor of gait velocity, suggesting that concentration and gait may share similar neural origins (Holtzer et al., [@B40]). Compared with walking alone, older adults occupied by a non-motor task while walking exhibit a reduced stride length and velocity, especially if they try to walk fast. Their natural walking pattern is disrupted by diverting their attention to a secondary task, as has been observed by de Bruin and Schmidt ([@B21]). This situation is even more serious among balance-impaired older adults who show impairments when shifting their attention from task to task, as has been demonstrated empirically (Siu et al., [@B96]; Hawkes et al., [@B36]). Interestingly, indoor falls are mostly associated with frailty, whereas outdoor falls are linked to a lack of concentration, which may show that older adults need to exercise greater concentration in environments with which they are less familiar (Decullier et al., [@B23]).

Poorer performance in sustained attention was related to a greater number of falls in the coming year. Besides, mind-wandering frequency increases with number of falls (Nagamatsu et al., [@B72]). Additionally, poor attention performance can be associated with an increased likelihood of single and recurrent falls over the past 12 months (Holtzer et al., [@B39]). During aging, older adults need to make greater conscious efforts in exercising once-automatic motor skills, such as walking and balancing. Together, with a decline in their ability to concentrate, older adults can have difficulty controlling gait and balance and they have an increased risk of falling as a result.

Executive functions {#s3-3}
-------------------

Executive functions are a set of interrelated cognitive abilities for achieving goal-directed behaviors (Banich, [@B7]). Inhibitory control and task-switching are the two most commonly investigated executive functions. In cross-sectional studies, older adults show greater task-switching costs (e.g., the reaction time difference in blocks requiring rule change and no rule change is greater among older adults) and poorer inhibitory control than young adults (Lindenberger et al., [@B53]; Cepeda et al., [@B16]; Germain and Collette, [@B31]).

Accumulating evidence has bolstered the importance of executive functions in motor control (Sheridan and Hausdorff, [@B94]). As is the case with attention, ample evidence suggests a close link between gait disturbances and deficits in executive functions that result from aging or sickness (Yogev-Seligmann et al., [@B114]). Executive functions are important both in gait control and the regulation of gait speed and variability (Amboni et al., [@B3]); this is because they moderate the influence of motor and sensory deficits on fall incidence prospectively (Rapport et al., [@B79]). They are also instrumental in coordinating multi-tasking that when confronted by dual tasks, executive functions are associated with gait and balance impairments (reduced gait speed and length and increased gait variability and body sway) (van Iersel et al., [@B106]; Martin et al., [@B62]).

Dual-task paradigms are often used to assess executive functions. Dual-task performance is related to the incidence of falls in older adults (Beauchet et al., [@B10]; Hsu et al., [@B42]). Executive deficits can be associated with falls of any kind (Muir et al., [@B69]). In prospective studies, fallers are more likely to have poorer baseline executive functions than non-fallers at the follow-up, which is held 13 months after cognitive assessment (Buracchio et al., [@B14]). It is also evident that, in healthy older adults, those with executive functions in the lowest quartile are three times as likely to fall, at a 2 year follow-up (Herman et al., [@B38]).

In a longer-term prospective study, older adults with the poorest executive functions were more likely to fall sooner and to experience multiple falls (Mirelman et al., [@B65]). The reduced executive functions of older adults lower their judgment in motor planning, balance confidence, and decision-making while walking (Liu-Ambrose et al., [@B54], [@B56]; Sparto et al., [@B98]). Furthermore, brain activation for inhibitory control at baseline is associated with fall risk over 12-month period (Nagamatsu et al., [@B71]). These results show that executive functions have important impacts on the risk of falling, which may have certain neural bases. Activation and connectivity of the neural network for executive functions (e.g., frontal regions) may be able to predict future fall risks.

Processing speed {#s3-4}
----------------

Mental processing speed is the time taken to handle incoming information and generate behavioral outputs. Prospective results show that the risk of a non-syncopal fall (e.g., not due to a loss of consciousness, resulting in minor injuries) is increased in persons with a slower manual reaction time (Nevitt et al., [@B73]). Physical disability (the reduced ability to perform gross motor functions), which is a major risk factor in falls, can be explained by variance in processing speed (Binder et al., [@B13]). Older adults with gait disturbances have slower processing speed and poorer mood than those without (Rosano et al., [@B86]). Processing speed can be a stronger predictor of falls and recurrent falls than other cognitive factors (Chen et al., [@B17]). Although there is preliminary support for the idea that reduced mental processing speed contributes to fall risks, given the limited available results, further studies into this cognitive component are warranted in order to reach reliable conclusions.

An integrated framework {#s4}
=======================

The risk of falling is closely related to the aging brain and associated neuropsychological declines (Figure [2](#F2){ref-type="fig"}). During aging, significant structural, as well as functional, changes occur in the brain. Structural changes include reductions in cortical gray and white matter and shrinkage of brain regions (Coffey et al., [@B18]; Raz and Rodrigue, [@B80]; Greenwood, [@B34]). Slower gait and poorer balance control in older adults are associated with smaller gray matter volumes in regions critical for motor control (Rosano et al., [@B84]). Smaller sensorimotor and fronto-parietal regions are related to shorter steps and longer double support times (Rosano et al., [@B85]). In addition, greater white matter disease and subclinical strokes are associated with poorer gait speed, shorter strides and longer double support time in the elderly (Rosano et al., [@B87]). Gray matter volume reduction of the medial temporal area and white matter hyperintensity volume are associated with gait disturbances (Rosano et al., [@B86]).

![**An integrated framework of how brain aging increases risks of falling**.](fnagi-06-00064-g0002){#F2}

Moreover, gait variability is associated with falls. It is observed that greater step length variability is related to greater subclinical brain vascular abnormalities (infarcts and white matter hyperintensities) (Rosano et al., [@B88]). Longitudinal results indicate that older adults with moderate to severe brain abnormalities (ventricular enlargement, white matter hyperintensities, subcortical and basal ganglia small brain infarcts) have faster gait speed reduction than those without (Rosano et al., [@B89]). Functionally, compared with young adults, older people have more diffuse brain activations for the same task, probably reflecting a recruitment of additional neural resources to maintain a comparable performance to that of young people in response to cognitive declines (Ward, [@B108]; Park and Reuter-Lorenz, [@B76]; Berlingeri et al., [@B11]; Spreng et al., [@B99]).

The aging brain contributes to poorer motor performance. In older adults, compensatory phenomena are also observed for motor behaviors, showing that greater mental efforts are necessary to maintain motor performance (Ward, [@B108]). In addition, a loss of white matter integrity affects cortico-cortical and cortico-spinal connectivity that is possibly responsible for the reduced effectiveness of motor output and control (Madden et al., [@B59]). Further, brain aging can also indirectly influence fall risk through neuropsychological variables. Cognition and other neuropsychological states (e.g., emotion) are largely supported by the brain. As the brain undergoes dramatic changes while approaching older adulthood, cognitive and psychological states, such as executive functions and emotions, are adversely affected. The smaller volume of the pre-frontal area in elderly people may bring about slower gait through reducing processing speed (Rosano et al., [@B90]). In young adults, routine activities, like walking and balancing, rely on subcortical control (subconscious motor control).

However, when one ages, there is a shift from unconscious to more conscious motor control that relies heavily on neuropsychological abilities. It is observed that the reduction in walking speed while working on a visual-spatial decision task is associated with 34% to 42% greater odds of recurrent falls history in the past 12 months, as has been observed in a cross-sectional study (Faulkner et al., [@B28]). Combined with deteriorating neuropsychological abilities, older adults' motor control becomes more difficult, increasing their incidence of falling.

Summary and future research {#s5}
===========================

Falling is a common cause of injury in older adults and it reduces their health and overall quality of life. This review has summarized and discussed key neuropsychological factors related to falling. The identification of these factors is important in helping policy-makers, practitioners, and the older adults themselves to identify who is at risk, so that appropriate measures can be taken to avoid falling, which is crucial for ameliorating burdens to the healthcare system. Most studies have focused on the physical risk factors of falls, such as frailty; however, studies assessing the neuropsychological dimensions of falling are becoming more common. Compared to traditional questionnaire-based methods to assess fall risks, information provided by the neuropsychological approach is more objective and can be used for identifying the neurological disorders associated with falling. Although the connections between neuropsychology and falls are becoming clearer, more research on this topic is warranted. The integrated framework outlined in this review can be an impetus toward this.

The risk of falling is closely related to neuropsychological declines, especially those related to cognitive ability. Recent work has generated promising results concerning cognitive training in the elderly population. In a randomized control trial, older adults with cognitive training have their cognitive abilities improved, and the benefits persist even 5 years after cessation of the intervention (Willis et al., [@B109]). After training for processing speed, older adults have exhibited enhanced everyday functions, which are crucial for their independent living (Edwards et al., [@B25]). Computerized training has also been found to be beneficial for older adults. Training with real-time strategy video games can attenuate declines across a range of cognitive abilities like executive function and reasoning (Basak et al., [@B9]). Other studies have yielded positive cognitive (and some motor) outcomes after cognitive training regimens in older adults (e.g., Baltes et al., [@B6]; Yágüez et al., [@B112]; Mahncke et al., [@B60]). Investigating various kinds of cognitive training and the effects on fall reduction in older adults would be of great practical implication to individuals, communities, and healthcare systems worldwide.

Many of the cognitive improvements demonstrated in research have a neural basis. For example, increased brain activity is observed in the frontal and parietal cortices after working memory training (Klingberg et al., [@B49]). Aging is closely related to falling. A deeper understanding of the related neural mechanisms gives us better insights into the causes of falling, while providing scientists with enhanced knowledge of the neural underpinnings of the relationships between aging, cognition, and motor control. Because falling is a cause of injury involving deficiencies in motor and neuropsychological abilities, it would be reasonable that fall risks can be related by multiple neural networks, such as the frontal networks for attention, executive functions and motor planning, and the cortico-limbic emotions network.

Although a set of neuropsychological factors related to the risk of falling have been identified, their relationships and interactions are largely unknown. A complete understanding in this area will certainly help researchers to compile a more comprehensive neuropsychological profile of individuals at high risk of falling. In addition, past reports have usually investigated physical and neuropsychological factors separately. As mentioned earlier, both physical and neuropsychological factors can have neural origins related to senescence. Examining the interactions between these factors is warranted in future research.

In summary, this review has described and discussed fall risks from a neuropsychological perspective. An integrated framework that addresses brain aging and the increased risk of falls has also been put forward. This model may provide insights into the neuropsychological bases or mechanisms of falls with the hope of identifying older adults at high risk while using physical activity (e.g., Tai Chi; Yan, [@B113]) and cognitive regimens (e.g., video game training) to reduce the incidence of falls.
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